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ABSTRACT
The +1 million ton Darwin Pb-Zn-Ag-W skarn deposit has been

previously described as a group of sulfide replacement bodies zoned
away from the mesothermal Darwin qguartz monzonite pluton, and formed
from magmatic fluids at ~ 350°C. Detailed surface mapping, however,
indicates that the Pb-Zn skarm-sulfide bodies are appreciably (>20 Ma)
younger than the Darwin pluton, and underground mapping/core logging
indicates several skarn-sulfide “pipes" with strong concentric zoniag.
The

One of the pipes is zoned around a deep granite porphyry plug.

pipes exhibit outward zoning in wt% Pb/Zn and oz/ton Ag/wt$Pb (both
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Combined mineral composition/assemblage and sulfur isotope systematics
indicate that as the ore fluids flowed outward they experienced
progressive decrease in oxidation state (~1 log unit) .and increase in
PH (1-2 units); upward moving fluids experienced initial decrease in
oxidation state and increse in pH followed by a reversal tb_higher
oxidation state and lower pH. The process of ore deposition was
chemically complex and probably involved significant remobilization.
Realistic ore depositinal models at Darwin require simultaneous
changes in (at least) temperature, pH, and oxidation state, all of

which were important.

IN&RODUCTION'
The Darwin district, in SE California (Fig. 1), contains Pb-ZIn-
Ag as well as Cu- and W-rich veins.and skarns (Hall and MacKevett,
1962; Newberry, 1987). Production from the district includes more

than 1 million tons of Ag-Pb-Zn ore, much of which' was “direct

- shipping"” high grade material, and 0.1 million tons of W ore. Average

grades of sulfide ore mined after 1945 were approximatley 6% Pb, 6%
Zn, 0.2% Cu and 6 oz/ton Ag (ﬁall and MacKevett, 1962). The Dafwin
deposit per se consists of a series of isolated Pb-Zn-Ag+W orebodies
(Defiance, Thompson, Essex, Independence--Fig. 2) which were linked by
a common haulage level in 1945.

Although a relatively small deposit, Darwin is notable for a
pioneering S-isotope study (Rye et al., 18974) in which the authors
integrated several light stable isotopes with the known geology; and

r}_l
for compative attempts at determining mineral formation temperatures



ratios <.5 core, >1 margin). The pipes show mineralogical zoning,
with a core defined by high sphalerite/galena, higher chalcopyrite,
darker sphalerite, abundant pyrite inclusions in sphalerite, and
evidence for multiple sulfide depositional events. Both graphite in
marble and pyrrhotite in sulfide ores are zoned around the.Dafwin
pluton, suggesting that pyrrhotite stability is influenced by pre-Pb-
Zn skarn bleaching of marble beds. Garnets are highly complex, with 4
generations identified by petrograpﬁic and compositional relations;
younger garnet typs are more abundant in upper and lateral parts of
the pipe. Retrograde alteration of garnet is concentrated in the
upper and laterally distal parts qf?the skarn, but garnet in apparent
equilibrium with sulfide is present throughout the vertégl extent of
skarn. Systematic mineral compositional patterns include outward

increase in hedenbergite + johannsenite components in clinopyroxene

 __(<2 to >20 outward), increse in Sb+Bi contents of galena, initial

:_ﬁincrease followed by decrease in Mn contents of sphalerite (range from

.?f<.2% to >1% Mn), and an initial increase with outward variable
ifincrease and decrease in FeS contents of sphalerite (range of <3 to
- >20% FeS). Previously published sulfur isoto@e data is compatible
 3with outward decrease in sulfur isotope ratios. Published isotcpe data
_ﬁ?qmbined with temperature estimates from phase homogenization and
1agsenopyrite—sphalerite geothermometry show a systematic decrease in
‘temperature from the skarn-sulfide pipe center (>425?DC) to the margin
- (<300°C).
Comparison of stope maps to isotherm cross-sections indicates the
bulk of mined sulfides were from areas surrounding the pipe core, in

which temperatures declined from approximately 375°C to 300°C.
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by techniques such as minor element distribution (Hall et al., 1971),
sulfide phase homogenization (Czamanske and Hall, 1975) and fluid
inclusion systematics (Rye et al., 1974). Based on their study, Rye
et al. (1974) concluded that the Darwin Pb-Zn-Ag mineralization was
deposited under near-isothermal conditions at a temperature‘of 325°C,
by magmatic fluids flowing out of the adjacent, unmineralized,
mesgt?ermal Darwin stock. Rye et al. (1974) concluded that ore
dégosgion took place due to pH increase at constant f0, and
temperature, caused by fluid reaction with carbonate rocks;"they noted
horizontal zoning of S-isotopic values away from the Darwin stock.
Rye et al. (1974)°s study may havgféontributed to a frequently-held
notion that skarns can be relistically modeled as essentially
isothermal deposits with mineralization controlled by pH changes.
Although widedly quoted in the isotopic literature, there are
several features of the Darwin study as presented by Rye et al. (1974)
- which invite scientific scrunity: (1) S-isotope derived temperatures
are generally 50-80°C higher than those determined by other techniques
(Czamanske and Hall, 1975), (2) the Darwin quartz monzodiorite, with
probable solidus temperatures >800°C, is located <50 m from the
sulfide-deposits, (3) the Darwin pluton is unmineralized and virtuéiiy
unaltered (Hall and MacKevett, 1962; Newberry, 1987), and (4) the
Darwin Pb-Zn-Ag-W metal assemblage is uncommon in skarns (Einaudi et
al., 1981). There are also problems with the relative timing of
plutonism and Pb-Zn-Ag ore deposition: the 174 Ma (U/Pb, Chen, 1977)
Darwin stock is cut by the Davis thrust (Eastman, 1980; Newberry,
1987), with movement dated at 154-148 Ma (Dunne et al., 1987), but Pb-

Zn-Ag mineralization cuts across the thrust and hence post-dates



thrusting (Hall and MacKevett, 1962; Eastman, 1980) and must be at
least 20 Ma younger than the supposed related pluton. Finally, the
garnet >>pyroxene, high Ag-Te, and galena>sphalerite mineralogy of the
Darwin deposit (Hall and MacKevett, 1962) is atypical of Pb-Zn skarns
(Einaudi et al., 1981). _

Newberry (1987) resolved some of these apparent conflicts by
showing that there are three different plutonic suites associated with
three different metasomatic skarn suites in the Darwin district.
Newberry (1987) further showed that the contact-type W skarns were
associated with the Darwin stock and that the vein-related Pb-Zn-Ag
skarns were associated with younger quartz porphyry bodies.

Supporting geologic data includes the presence of Pb-Zn skarns along
faults which cut across and offset the Darwin stock (Figs. 1, 2) and
granite porphyry and breccia bodies (Fig. 2) which intrude the Darwin
stock and contain clasts df'w;bearing, but Pb-Zn-poor skarn. Newberry
(1987) suggested that the Pb-Zn-Ag-W ore assemblage may have resulted
from superimposition of Pb-Zn skarns on an older W-skarn .system.

This study was prompted by the need to reconcile the apparent

contradition between isotopic studies of Rye et al. (1974), which

e

concluded that mineralization was zoned around and caused bg the
Darwin stock, and petrologic-geologic studies presented in Newberry
(1987), indicating that mineralization is unrelated to the Darwin
stock. As there are no published maps for the deposit in which the
skarns are distinguished or described and because pyroxene-rich
skarns--so characteristi; of Pb-Zn skarns (Einaudi et al., 1981)--have

not been reported from:the Darwin area, the investigation began with

systematic surface and underground mapping and core logging. Because
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Rye et al. (1974) had stressed the horizontal zoning of ores and
sulfur isotopic ratios around the Darwin stock, a fuether
investigation of zoning--based on ore and calc-silicate mineralogy,
mineral compositions, and metal ratios-;was undertaken. Gi?en the new
results from zoning studies, Rye et al. (1974)‘s sulfur iéotépe model
was re-interpreted. The zoning data reported herein is most
consistant with a series of subvertical skarn pipes and related bedded
skarns and veins, centered 100-300 m W of--and genetically unrelated
to--the Darwin stock. The sulfur isotopic data is comnsistant with a

model of fluid flow through and away from these pipes.

General Geology
DarWLQ area reglonal geology is summarlzed in Dunne et al. (1978)

'and Stone et al (1989) Upper PalEOZOlC deep water sedimentary rocks :

'-fQE(Stevens, 1986), largely carbonate turbldltes (Stone, 1984) in the

’3?1mmed1ate Darw1n mlne area, ‘were deformed 1nto broad folds, probablyi
-aSSDClated w1th deformatlon underneath the nearby 1ate Tr1a581c LaSt.  .-
“Chance thrust fault system As the upper plate of thls fault (now

ziferoded in the immediate Darwin area) was probably several km thick,

i 51gn1f1cant overthlckenlng of the stratzgraphy took place. Rocks of.
the Darwin area were subsequently intruded by mid-Jurassic alkaline
plutons (including the 174 Ma Darwin stock,.Chen, 1977) and calc-
alkaline granite plutons (inciuding the 156 Ma Coso batholith, Chen,
1977)to the W of the-elkaiic plutons. A 4-6 km depth of emplacement

‘has been suggested for the caic—alkeline plﬁtone {Sylvester et e}.,

1978). Contact ﬁetamorpic recrystallization of the impure carbonate

rocks caused a zone of idocrase-wollastonite calc-silicate hornfels,



garnet-rich skarnoid, and bleached marble to be formed around the
Darwin stock (Fig. 2; Hall and MacKevett, 1962; Eastman, 1980;
Newberry, 1987). Tungsten-bearing skarns are locally present along
contacts qf the more differentiated units of the Darwin stock with the
surrounding-carbonate-beariné rocks, distributed symmetrically around
the Darwin stock (e.g., Fig. 2; Newberry, 1987). Thrusting along the
Davis fault system (Fig. 1), took place at 154-148 Ma (Dunne et al.,
1978), and resulted in 1-3 km of E displacement of the upper plate,
juxtaposing the Coso batholith and its adjacent Cu-skarns with the
Darwin pluton and its adjacent W-skarns (Newberry, 1987) and
telescoping the contact metamorphic;rocks. Subsequent to thrusting, a
series of granite porphyry dikes é&d breccia pipes (Fig. 2) intruded
the metamorphic and igneous rocks along the NW margin of the Darwin

stdck; aplite geobarometry indictes these rocks crystallized at a

”1 _pressure of approximhtely_e.s kbar ' (Newberry, 1987). Pb-Zn-Ag skarns

' T.{festric£ed to the W side of the Dar@in pluton)'and_Pb—Zn—Ag veins_qf
_the Darwin diétrict formed along sﬁee§1y~dipping faults--which are
“chommonly-marginal to the breccia bodies--and, lesslcommonly, a1ong
H."granite porphyry dike contacts and along the Davis thrust (Fig. 2).
Minor normal fault reactivation of the Davié thrust accompanying -
Cenozoic Basin-Range uplift (Dunne et al., 1978) caused slight

deformation of ores in the vicinity of the thrust.

Investigative techniques
This study is based on underground (100 to 900 levels) and
surface mapping of the Darwin mines at 1:2400, detailed logging of

approximately 1000 m of diamond drill core, examination of
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approximately 300 polished and thin sections, approximately 450
microprobe analyses representing 80 thin sections and grain mounts,
compilation of assay maps and drill assays, and sulfur isotope
measurements for a galena-sphalerite pair and 2 galena samples.
Mineral abundances were estimated uSing standard thin sebtibnfpoint
counting technigues. Electron microprobe analyses were performed
using a 9-spectrometer ARL microprobe at UC Berkeley (silicates), as
described in Newberry (1987), and a S—Spectrometer Chimeca microprobe
at Washington State University (sulfides), as described in Meirnert
(1987). Mineral standards were employed and each analytical point
represented the average of at least 3 analyses. Sulfide mineral
separates were analyzed for sulfur isotope ratios by Krueger

'Enterprises, Cambridge, Mass. Data from petrographic and micrcprobe

._analyses were plo;ted on mlne cross sectlons, dlfferent progectlons

'for the petrograph c, metal ratlo, and mlcroprobe data were employed =

'-tho minimize pIOj&Cthﬂ dlstance, to best compare the results of this

._study to those of Rye et al. (1974), and to lllustrate the three-.
'-dlmen51onal character of the Essex ore body. ~ Mine assay data,
production data and drill hole assay data_wgs compiled onto level
maps, averaged into 10 m (minimum) blocks and ratiod = Ratios were’
then projected onto mine cross-sections.

The Essex ore body (Fig. 2) of the Darwin deposit was selected
for intensive study because all levels were acceséible for underground‘
mapping (courtesy of the Anaconda Company) and because well-located
sample collections from this orebody were available at Stanfordu
University. -

PRESENT INVESTIGATION



Geology of the Darwin Pb-Zn-Ag skarns
Pb-Zn-Ag skarns of the Darwin deposit occur predominantly as

skarn veins and bedded replacements (Hall and MacKevett, 1962;
Eéstman, 1980). There are in addition,.at least two major pipe- (or
chimney-) like ore bodies, the Defiance and Essex pipes. The?Essex
pipe is an irregular body elongated to the NW-SE and plunging at about
70° to the SW. Its shape is controlled by intersections of the N65°W
Essex fissure zone with receptive carbonate units near the hinge zone
of the doubly-plunging, N30°W-trending, Darwin antiform. Major
"bedded"” skarn zones are also present adjacent to the main pipe in
marble beds immediately underlying .£ills of the Darwin pluton. This
is especially the case in the upper levels of the mine and probably
gave early workers the misleading impression that skarns were zoned
éway from_the.Darwin pluton. The varible shapé_of the_Eséex'pipe is
:;éhown on Figure_B; a_sarieSfof.plan level”maps.with:the extent of
Skarn at each level. 5 | .. e . | |

_ Fig..4 shows a simplified map of the Essex pipe area on the 600
- level illustrating the structural and stratigraphié controls on skarn
T-_formation, Narrow skarn and/or sulfide veins are present in calc-
silicate hornfels; the bulk of skarn appears to replace marble. =
Unreplaced marble is sometimes present between skarn and the Darwin
- pluton (Fig. 4), confirming that these skarns are younger than the
pluton. Sulfides occur disseminated throughout the skarn, in minor-
veins in the skarn, as occasional through-going veins and as “bedded
.replacements“ distal to the skarn. Pyroxene-rich skarns are prgsent
in the Essex pipe at the 600 level and below; they are rarely in

contact with marble and are typically surrounded by garnet skarn.

*



Lateral and.vertical zoning in the Essex pipe is illustrated by a
vertical cross-section (Fig. 5) constructed at approximately right
angle to the NW-SE elongation of the pipe (Fig. 3). The Essex pipe
contains sub-equal amounts of pyroxene and garnet-rich skarn at depth;
pyroxene skarn is both cut across and vertically supplanted by garnet-
rich skarns. Garnet-rich skarns are in metasomatic contact with
marble throughout the pipe, showing no evidence of replacing pyroxene-
rich skarn at the marble contact. Skarns cut across and replace calc-
silicate hornfels and skarnoid beds and form laterally extensive
replacement bodies in marble and hornfels adjacent to the pipe (Fig.
5). 1In many cases the light-colored, grandite garnet skarns could not

be easily distinguished from the light-colored, idocrase-garnet

18

hornfels during underground mapping and AX core logging; most of these

_ contacts are probably gradational. Rocks identified with certainty as_f

. skarn during underground mapplng and core logglng were domlnated by

-ffcoarse-gralned garnet + pyroxene with accessory sulfides and/or

- contained obvious garnet veins.

' With increasing vertical height, sulfide-bearing veins--which cut

;f_across skarn-—-are éommon, however skarns are present throughout the
_entire vertical exposure of the Essex pipe. Coarse grained garnet-
galena skarn--showing no evidence for garnet destruction-- outcrops as
the surface expression of the Essex pipe (Fig. 2) and sulfides mostly
occur as disseminations in the skarn below the 500 level. Occasional,
massive quartz-carbonate-sulfide bodies are present as replacements of

Imarble adjacent to skarn (Fig. 5); cross-cutting relations indigate
that these bodies were formed after the skarms. Although sulfides,

expecially galena, commonly enclose or f£ill vugs and fractures in



